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ABSTRACT 
Fluid-mobile elements (FMEs) such as B, Cs, As, Li and Tl can mobilize readily under 
low P-T conditions (0.2-0.5 GPa). This makes them effective geochemical tracers that can be 
used as a way of tracking fluid-rock exchanges at the shallow depths encountered in the earliest 
stages of subduction.  
The Izu-Bonin-Mariana (IBM) subduction system is unique in that it preserves a record 
of the sequences produced from the onset of subduction through the development of arc 
magmatism. International Ocean Discovery Program (IODP) Expedition 352 recovered >800m 
of boninite core material from the earliest IBM magmatic events.  
Select boninitic glasses from these IODP 352 cores, found mostly as selvages on the 
rinds of pillow lavas and as clasts within hyaloclastites, were examined via EPMA and laser 
ablation ICP-MS techniques. The boninite glasses analyzed were separated into two categories – 
low-silica boninite (LSB) and high-silica boninites (HSB), based on the bulk chemistry and 
mineralogy of the lithostratigraphic locations from which the glass samples occur in the drill 
core. LSB are the earlier erupted boninite series, which show both greater variation in extent of 
differentiation and reflect less depleted mantle sources than HSB.  
Boron concentrations in the Expedition 352 boninite glasses analyzed range from 0.08 to 
12.91 ppm, arsenic contents vary from 0.15 to 3.26 ppm, and cesium varies from 0.01 to 0.91 
ppm.  Lithium concentrations in the boninites range from 1 to 18.35 ppm while Tl concentrations 
vary from 10 to 155 ppb. FME concentrations trend toward higher values in HSB than in LSB.  
 
 
v 
Low-Si boninites appear to form via simple mixing of depleted mantle source and an 
FME enriched fluid endmember, which mobilizes B, As, Cs, (Tl) and Li very early in the 
subduction process. Coupled with inputs from upwelling mantle, this FME-rich fluid triggers 
fluid-fluxed boninite melting. 
 The high-Si boninites reflect the addition of a subduction component with a higher 
Ba/La ratio than that of the depleted mantle; this higher ratio more closely resembles that of 
Mariana cherts from altered Pacific crust. Thus, the high-Si boninites are consistent with the 
fluid-fluxed melting of a highly depleted, harzburgitic mantle source and reflect inputs of two 
distinguishable slab-derived components, one that is sedimentary in nature and another that is 
FME-enriched. This model for melting that is more similar to the melting regime of modern arcs 
and reflects the transition from early extension-related melting into that of a “normal” subduction 
system. 
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INTRODUCTION 
 Boninites are mafic volcanic rocks that are enriched in magnesium, silica and large ion 
lithophile elements (LILE), and are depleted in high field strength elements (HFSE) relative to 
mid-ocean ridge basalts (MORBs). The IUGS definition of a boninite is a lava with SiO2 > 52 
wt%, MgO > 8 wt% and TiO2 < 0.5 wt% (Le Bas 2000; Figure 1). Hickey and Frey (1982) 
proposed that boninites could be derived from metasomatic enrichment of refractory mantle 
peridotite that has been depleted in HFSE, especially TiO2. Crawford (1989) proposed that 
boninite enrichments in light rare earth elements (LREE) and LILE came from the introduction 
of subduction zone derived fluids that fluxed a mantle source that had been depleted to 
harzburgitic compositions as a result of previous MORB melting, and argued that shallow depths 
(<50km) and high temperatures (>1100 C) were necessary to form boninites.  
 Boninites were first characterized by Kikuchi (1890) during his time on Chichi-jima in 
the Bonin Islands, the type locality of boninites. These islands are found in the Izu-Bonin-
Mariana subduction system (IBM), in which includes some of the most well preserved examples 
of rocks related to crustal accretion following subduction initiation on the planet. The rock 
sequences encountered in the IBM forearc, based on on-land exposures in the Bonin islands and 
past dredging and Shinkai submersible sampling (Reagan and Meijer 1984; Taylor et al. 1992; 
Dobson et al. 2006; Debari et al. 1998; Ishszuka et al. 2011) show strong similarities to the 
sequences preserved in suprasubduction zone (SSZ) ophiolites (Eg. Troodos (Taylor 1990; Dilek 
and Furnes, 2009), Semail (Ishikawa et al. 2012), Mirdita (Dilek et al. 2007; Dilek et al. 2008), 
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Pindos (Dilek and Furnes 2009). These similarities argue for a common forearc origin for these 
rock sequences.  
 Exploring the connection between early forearc crust and SSZ ophiolites was one of the 
key scientific objectives of International Ocean Discover Program (IODP) Expedition 352. 
Boninites were first encountered during ocean drilling during Deep Sea Drilling Program 
(DSDP) Leg 60 (Figure 2), at Sites 458 and 459 in the Mariana forearc (Natland and Tarney 
1982), and later during the Ocean Drilling Program (ODP) Leg 125, at Site 786 in the Izu-Bonin 
forearc (Pearce et al 1992). These rock types were neither the primary nor planned targets for 
drilling on these expeditions. As such, the role of boninites in the development of subduction-
related oceanic crust and in the evolution of volcanic arc magmatism has only been examined 
inferentially, from land-based exposures in both the Bonin and southern Mariana islands, and via 
limited dredging and submersible sampling in the forearc as noted previously.  
IODP Expedition 352 (Figure 2) sought to drill and recover a full sequence of the volcanic 
products of the earliest IBM volcanic arc, in order to meet the following scientific objectives: 
1. Obtain a high fidelity record of magmatic evolution during subduction initiation and early 
arc development. 
2. Test the hypothesis that fore-arc basalt (FAB) lies beneath boninite and understand 
chemical gradients within these units and across the transition. 
3. Use drilling results to understand how mantle melting processes evolve during and after 
subduction initiation. 
4. Test the hypothesis that the fore-arc lithosphere created during subduction initiation is the 
birthplace of suprasubduction zone (SSZ) ophiolites. (Reagan et al 2015b) 
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IODP Expedition 352 drilled >800m of boninitic lavas, hyaloclastites and shallow 
intrusives at two sites (U1439C and U1442A) ~1 km apart, along the outer margin of the 
overriding plate in the Izu-Bonin forearc. Recovery was ~30%. At Site U1439C drilling 
terminated in diabasic texture rocks, suggesting that the feeder dike sequence has been reached; 
however, no dikes were encountered at Site U1442A, despite its relative proximity.  
Boninites recovered at both sites were subdivided based on their bulk chemistry and 
mineralogy (Reagan et al 2015a, b). Low-Si boninites (LSB) have Olivine > orthopyroxene ± 
augite phenocrysts with augite ± orthopyroxene ± plagioclase in the groundmass, whereas high-
Si boninites (HSB) have Orthopyroxene > olivine phenocrysts with an orthopyroxene-dominated 
groundmass, with plagioclase occurring in only the most highly differentiated samples. 
“Basaltic” boninites have basalt-like SiO2 contents, and stratigraphically are encountered 
between the thicker low-Si and high-Si boninite sequences, marking them as transition lavas. 
Basaltic boninites contain Olivine + augite ± orthopyroxene phenocrysts with an augite ± 
plagioclase– bearing groundmass. Fresh basaltic boninite glass samples were very rare, and are 
not part of this study. 
One of the unique features of the samples recovered during Expedition 352 drilling is the 
fact that both LSB and HSB sequences include significant amounts of fresh and well preserved 
boninitic glass. It is thus possible to examine relatively unaltered samples of boninitic melt, 
despite the fact that these lavas are ~50Ma, based on preliminary microfossil assemblage dating. 
The glasses occur as selvages on the rinds of lava pillows, and also as clasts in hyaloclastites. 
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In the Izu-Bonin forearc during subduction initiation, the foundering and roll-back of the 
Pacific plate resulted in aesthenospheric upwelling that led to the eruption of “subduction 
initiation” or “forearc” basalts, and, subsequently, boninitic lavas, documenting the role of 
subducted fluids in magmatism in the earliest stages of subduction (Stern and Bloomer 1992; 
Reagan et al. 2010; Ishizuka et al 2011; Arculus et al. 2015; Reagan et al 2015). These “forearc” 
basalts resemble MORBs and are representative of a depleted upper mantle given their low TiO2 
and REE abundances (Reagan et al 2010; Ishizuka et al 2011; Hickey-Vargas et al. 2013). They 
have high V contents and V/Ti ratios that more closely resemble volcanic arc values (Shervais 
1982; Reagan et al 2010). The boninites are more depleted in TiO2 than the forearc basalts, and 
have elevated MgO and SiO2 contents. Since boninities can only be formed via fluid-fluxed 
melting of a harzburgitic source (Crawford 1989; Ishizuka et al 2006), and the production of 
boninites directly follows the eruption of the “forearc” basalts, the boninitic lavas represent the 
first clear occurrence of the interaction of slab-derived fluids with the mantle during magmatism 
in the Izu-Bonin. 
 The "fluid mobile" elements (FMEs; after Leeman, 1996) B, Cs, As and Li are 
geochemical tracers that have proven effective at documenting the role of H2O-rich fluid phases 
during magmatic and metamorphic processes in volcanic arcs. A number of less-understood trace 
species have been described as having “fluid-mobile” characteristics, including W, Mo, Sb, and 
Tl (Noll et al 1996; Prytulak et al 2016) and some of these are now more analytically accessible 
with new ICP-MS based analytical techniques. 
The relative efficiency of extraction from the slab of the more well-characterized fluid-
mobile elements (B,Cs, As, Li) during the progressive dehydration of slab sediments was 
inferred by Ryan and Chauvel (2014) to be B > As > Cs >Li. The ultimate extraction efficiency 
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of B from the slab during subduction appears to be close to 100%, based on its abundance and 
isotopic systematics in forearc metamorphic rocks, and along and across volcanic arcs (Bebout et 
al 1993; 1999; Ryan et al 1995; 1996; Ishikawa and Tera 1997; Benton et al 2001; Savov et al 
2005; 2007; King et al 2007).   
Following the patterns of enrichment in Mariana forearc serpentinites, Savov et al. (2005; 
2007) proposed that B is >70% mobilized from the slab at shallow depths, while Cs and As are 
less mobilized (>15%). Li is even less so (~10%), though the fact that Li partitions well into 
mantle minerals, such as olivine and orthopyroxene, complicates this assessment (Tomascak et al 
2015). Hattori and Guillot (2003; 2007) have shown that antigorite-rich, high pressure 
serpentinites (from > 60km depth) in the Alps, Himalayas and Dominican Republic have 
comparatively low FME abundances, but are more enriched in heavier and less fluid-mobile 
elements, which may mean that species such as B, Cs and As have already been removed from 
the system. Given that these elements mobilize readily under low-pressure conditions (~0.2-0.5 
GPa), the FME’s may provide a way of tracking fluid-rock exchanges at the shallow depths and 
low pressure conditions encountered during boninite genesis in the earliest stages of subduction.  
While at this point a reasonably extensive geochemical database exists for IBM boninites 
(>350 analyzed samples, Earthchem.org), the number of high-quality trace element datasets on 
fresh boninites is small. In these data, the only “fluid-mobile” element that is consistently 
analyzed is Cs. Boron and arsenic data for boninites are almost non-existent, and Li data is very 
limited. Examining the available Cs results from Earthchem for IBM boninites using mixing 
diagrams similar to those presented in Ryan and Chauvel (2014) indicates that boninites appear 
to reflect the mixing of at least two components, one of which is Cs-rich, and that the boninite 
trend is distinct from that of either Izu-Bonin or Mariana arc volcanic rocks today.  
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This study aims to use fluid-mobile element data, collected via micro-scale examination 
of volcanic glasses using electron microprobe analysis and laser ablation ICP-MS techniques, in 
order to gain insight into what FME systematics can provide about the development of early-
stage subduction related magmatism. This study only provides data from boninite glasses, as the 
IBM boninitic whole rocks from Expedition 352 are variably to heavily altered, and would 
require an acid leaching protocol and/or other treatments to yield boninite whole rock data that 
could approximate fresh samples. For the purposes of regional comparisons, our boninite glass 
data is compared to available whole rock data. By looking at how the fluid-mobile elements are 
mobilized as subduction begins, how they vary in the system during magmatism, and how they 
change with the system as it evolves and matures, we can better understand how slab-mantle 
exchange processes initiate in subduction zones and how these exchanges may influence the 
igneous products of modern volcanic arcs. 
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BACKGROUND AND GEOLOGIC SETTING 
The Izu-Bonin-Mariana subduction system is an intraoceanic convergent margin that 
extends from Japan ~2800km southward, encompassing Guam, the Izu arc, the Bonin Islands, 
and the Mariana arc (Figure 2). Along this margin the Pacific Plate is subducting beneath the 
Philippine plate at a rate of ~5cm/year to the north and ~1.5cm/year to the south of the arc. 
Recent Shinkai diving results (Ishizuka et al 2011) document the following stratigraphy 
in the trench wall of the southern Izu arc, from deepest to shallowest: mantle peridotite, gabbroic 
rocks, a diabasic dyke complex, basalts, boninites and boninitic differentiates (magnesian 
andesites), arc tholeiites, and calcalkaline arc lavas (see also Reagan et al. 2015a). This 
stratigraphy is very similar to that encountered in many ophiolite complexes, in particular the 
Troodos complex (Taylor 1990, Dilek and Furnes, 2009) in Cyprus and other “Troodos-type” 
sequences [Semail (Ishikawa et al. 2012), Mirdita (Dilek et al. 2007, Dilek et al. 2008), Pindos 
(Dilek and Furnes 2009). 
The earliest igneous activity in the region occurred between ~52 – 44 Ma, producing a 
volcanic crust comprising widespread basalt +/- boninitic lavas, based on land-based studies in 
Guam and the Bonin islands (Reagan and Meijer 1984; Taylor et al. 1992; Dobson et al. 2005) 
and samples collected from the trench wall via a series of JAMSTEC Shinkai 6500 submersible 
dives, dredging expeditions, and early ocean drilling results (e.g. De Bari et al. 1999; DSDP Leg 
60 – Fryer et al. 1982; Kushiro 1982; Natland and Tarney 1982; ODP Leg 125 – Fryer et al. 
1992; Pearce et al. 1992;).  
 
 
8 
Volcanism in the Izu-Bonin forearc is hypothesized to have occurred in two stages, 
starting with decompression melting (~52Ma) of the upper mantle as the ancient Pacific plate, 
which is composed of some of the oldest and densest oceanic lithosphere on the planet, began to 
founder and sink, related to the clockwise rotation of the Philippine Sea plate, thus initiating 
subduction (Stern and Bloomer 1992). The initial crustal/lithospheric phenomenon was that of 
seafloor spreading due to rapid slab rollback in what ultimately became the forearc of the new 
convergent margin (Stern et al. 2012). This seafloor spreading led to basaltic magmatism, and 
the extrusion what are now known as forearc basalts (Reagan et al. 2010) which underlie 
boninites in the sequence.  
Forearc basalts resemble MORBs, but have anomalously high V contents and V/Ti ratios 
that verge toward volcanic arc values (Shervais 1982; Reagan et al 2010). Izu-Bonin forearc 
basalts are also comparatively low in TiO2 and have REE abundances that are low compared to 
MORBs, reflecting an unusually chemically depleted upper mantle domain (Reagan et al 2010; 
Ishizuka et al 2011; Hickey-Vargas et al. 2013). The development of early subduction-initiation 
tholeiitic basalts has recently been proposed to be a regional phenomenon, given the discovery of 
basalts similar to fore-arc basalts as basement rocks from Site U1438A drilled during IODP 
Expedition 351 (Arculus et al. 2015), as well as earlier reports of trench wall tholeiites in the 
Marianas (DeBari et al. 1999). 
The second stage of Izu-Bonin volcanism (~50-44 Ma), began after the Pacific plate had 
subducted deeply enough to begin dehydrating. Fluxing of a residual, highly depleted mantle at 
shallow depths, related to the early dehydration of the downgoing Pacific plate, led to the 
production of boninites (Crawford 1989; Ishizuka et al. 2006). This mantle source, which had 
been depleted by the earlier basaltic melting events to clinopyroxene poor, harzburgitic 
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compositions, produces lavas with elevated SiO2 (>52 wt%), high MgO >8 wt%) and low TiO2 
(<0.5 wt%) (Le Bas, 2000) (Figure 1) as well as flat to U-shaped REE patterns (Ishizuka et al. 
2006) (Figure 1c).  
In keeping with the stratigraphy gleaned from the submersible dives to the Izu-Bonin 
trench wall (Ishizuka et al. 2011), volcanism in the region progressed through boninitic 
differentiates into arc tholeites and calc-alkaline magmas until ~23-20 Ma in the Izu-Bonin and 
~29-27 Ma in the Mariana arc, when volcanism began to wane due to back-arc spreading in the 
Parece Vela and Shinkoku basins (Figure 2) (Taylor 1992). Volcanism then resumed in the 
Miocene, producing andesites and rhyodacites before another volcanic minimum between ~9 Ma 
– 5 Ma (Hussong and Uyeda 1981), picking back up again at ~2Ma – present with the formation 
of the Sumisu rifts (Taylor 1992). 
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SAMPLES AND METHODS 
 
A suite of recovered U1439C and U1442A boninites and boninite differentiates were 
selected onboard the JOIDES Resolution, during IODP Expedition 352 for analysis of fluid-
mobile element abundances. The chosen samples included thin section billets in which the 
presence of fresh glass had been documented, fragments of glass from core sections, 1-2 cm 
quarter-round sections with visible glassy rinds and/or closely adjacent to glassy zones 
documented onboard via thin sections, and fresh glassy clasts from sampled sections of 
hyaloclastites. Glass samples were separated into two categories: low-silica boninites (LSB) and 
high-silica boninites (HSB) based on the bulk chemistry and mineralogy of the lithostratigraphic 
units from which they were taken in the drill cores (Figure 4). Boninite glass samples were 
targeted for analysis in this study to try and obtain results that most closely approximate that of 
the freshly erupted boninite lavas. 
Quarter rounds and rock samples were initially cut using a Buehler slow speed saw to 
expose relevant features. Billets, cut quarter rounds, and pebble sized fragments were cemented 
onto 46x28 mm glass slides, while glass chips were mounted in 1-inch plastic rounds with 
epoxy. All samples were then polished to 0.3 µm in order to optimize their surfaces for EPMA 
and laser ablation ICP-MS analysis, using aluminum oxide polish to reduce any risk of B 
contamination from diamond polishing media (Shaw et al 1988). 
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EPMA Analysis 
 Electron probe micro analyzer (EPMA) analysis was conducted on the glass samples to 
characterize their major element abundances, and to gather Ca data for each glassy domain to be 
measured by ICP-MS, as 43Ca is utilized as a calibration mass during the reduction of LA-ICP-
MS data. 
 Thick sections and grains mounts were analyzed at the Florida Center for Analytical 
Election Microscopy (FCAEM) at Florida International University using a JEOL JXA 8900R 
Superprobe electron microprobe system, which has five wavelength-dispersive spectrometers as 
well as an energy-dispersive spectrometer. For glass analysis the beam current was set to 10 nA, 
the operating voltage was 15kV, and the beam diameter was maintained at 10µm in an attempt to 
minimize sodium and potassium loss (eg. King et al. 2002). The FCAEM EPMA uses a ZAF 
correction protocol that corrects for changes in analyte intensities related to atomic number 
effects on X-ray emission, X-ray absorbance and fluorescent x-rays emitted by species other than 
the analyte elements.  
The FCAEM EPMA system was operated remotely from the University of South Florida 
via terminal emulation software (VNC) using the secure virtual desktop sharing program, 
TeamViewer. Three FCAEM in house standards: USGS BHVO-1G, rhyolite glass and an 
obsidian were analyzed twice before and after each set of analyses on each sample to generate 
calibration curves for each element based on measurements of net counts per second. Duplicates 
of USGS BHVO-1G were used as a quality control standard. The chemical compositions of the 
standards and the analytical uncertainties for BHVO-1G are listed in Table 1. Between 8-12 
points are measured per sample, depending on the size of the fresh glassy domains, to ensure an 
accurate representation of the glass chemistry. The major elements Si, Mg, Ca, and Fe were 
 
 
12 
measured reliably using this method. Losses of Na and K were too great and as such these 
elements are not reported. Final EPMA data are presented in Table 2.  
 
Laser Ablation ICP-MS Analysis 
Laser ablation inductively coupled plasma (ICP-MS) measurements were made using a 
Perkin Elmer Elan DRC II inductively coupled plasma system at the Center for Geochemical 
Analysis in the School of Geosciences, University of South Florida in Tampa, FL. Samples were 
ablated using a CETAC LSX 213 laser ablation system with a 200µm laser diameter at 1000 
shots per minute and a frequency of 20Hz. Approximately 8-15 points were taken per sample 
depending on the size of the fresh glassy domains to ensure an accurate representation of the 
chemistry of the glass as a whole. Helium was used as a carrier gas to feed the vaporized sample 
into the ICP-MS to record intensity values. Data was collected in two stages. Fluid-mobile and 
light elements such as Li, Be, B, As, and Cs were measured first, followed by heavier trace 
elements and REEs. Data on Na and K was collected due to their loss during EPMA analysis. 
Aluminum data was collected due to the EPMA analysis being optimized for Ca and Mg, for use 
in the data reduction of the final laser ablation data, and Al abundances in the EPMA standards 
being too close to each other to generate a favorable calibration curve. Lower abundance major 
elements Ti, Mn and P were also collected due to their intrinsically low concentrations in 
boninites. 
The Raw LA-ICPMS data was reduced using the Lazyboy3.77 (Sparks 2002) data 
reduction macro-enabled spreadsheet. The calibration standards utilized were USGS glasses 
BHVO-2G, BCR-1G and BIR-1G, each of which were ablated and measured twice before and 
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after each of the 8-15 points taken on every sample. The chosen reference isotope for calibration 
was 43Ca due to its low natural abundance and being able to register strong peaks when analyzed 
by the ICP-MS. The reference isotope is used to turn the raw counts of the boninite glass data 
obtained from the ICP-MS into concentrations based on normalizing back to known Ca 
concentrations, obtained during EPMA measurements (see above). Elemental concentrations 
were determined on each of the different spots analyzed on each sample, and these were 
averaged obtain final results. Duplicates of USGS glass BCR-1G were used as a quality control 
standard and the analytical error of BCR-1G is listed in Table 2e.  
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RESULTS 
    Overall, the data collected from the boninite glass samples show that they have SiO2 and 
TiO2 values consistent with the IUGS classification of boninites of Le Bas (2000), but they are 
depleted in magnesium as compared to Izu-Bonin boninite whole rock data (Figures 1). This 
likely relates to the abundant olivine and orthopyroxene phenocrysts that are typical of boninites, 
which shift whole rock values to higher MgO and lower silica. REE patterns in the boninite 
glasses from this study are similar to the REE patterns of average Izu-Bonin boninite whole 
rocks (Figure 1c), showing flat to U-shaped patterns consistent with those of Ishizuka et al. 
(2006), and supporting source depletions during and between boninite magmatic events, with up-
section decreases in the influence of upwelling mantle.  
Boron concentrations in the Expedition 352 boninite glasses analyzed range from 0.08-
12.9 ppm.  Arsenic abundances range from 0.15-3.3 ppm, and Cesium abundances from 0.01-
0.91 ppm.  Lithium concentrations in the boninites range from ~1-18.4 ppm. Boron, Cs and As 
show positive correlations with SiO2 (Figure 5) showing that these species are intrinsic in these 
melts, and that they do not partition into crystallizing olivine or orthopyroxene. The HSB range 
to higher fluid-mobile element abundances than the low Si boninites (Table 2b), though there is 
considerable overlap between the groups. 
As previously stated, when plotted on mixing diagrams similar to those presented by 
Ryan and Chauvel (2014), IBM boninites display mixing relationships different from those of 
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either modern Izu-Bonin or Mariana arc volcanic rocks. The trend of the IBM boninite whole 
rock data in Figure 3 is similar to that of the boninitic glass samples in this study. 
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DISCUSSION 
Boninite Within-Suite Characteristics – B, Cs, As and Tl systematics 
Our Expedition 352 boninite suite represents the volcanic products of an evolving 
boninitic magmatic domain, and as such provides insights into the changes in boninite 
magmatism over time. The concentrations of the fluid-mobile elements, in general, increase 
upsection in the two cores with the HSB, which are the most recent eruptive products recovered, 
showing greater enrichments in these elements than the LSB that represent the earliest eruptive 
products (Table 2b; Figure 5). Figure 6 examines the comparative enrichments of B, Cs and As 
in the Expedition 352 glass suite, distinguishing between LSB and HSB (after Reagan et al 
2015a). Figure 6 plots suggest that our LSB and HSB follow distinctive mixing trajectories. 
B/La, Cs/Th and As/Sm are plotted vs Ba/La to examine changes in fluid and sediment 
derived subduction inputs. B, Cs and As are scarce in the depleted mantle at ~0.06 ppm, ~1.3 
ppb and ~7.4 ppb respectively (Salters and Stracke 2004). La, Th and Sm are used as 
normalizing elements due to their relatively low mobility in low T fluids, and their similarities in 
Dsolid/melt to B, Cs, and As, respectively. Increases in these three ratios are indicative of the 
addition of a fluid component. Ba can be fluid-mobile under some conditions, but has a much 
lower extraction efficiency than B, Cs and As (Savov et al 2007; Ryan and Chauvel 2014). This 
means that it is much harder to mobilize, especially during the earliest stages of subduction 
during which the LSB are produced. Thus, Ba/La is used here as an analogue for sedimentary 
inputs.  
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LSB appear to be products of two component mixing between a source that is devoid of 
FME with a Ba/La ratio of ~5, and another source that is enriched in both FMEs and Ba. The 
former end member is consistent with the depleted mantle signature of Salters and Stracke 
(2004). The enriched end member has a high Ba/La ratio as well as clear FME enrichment. This 
may indicate that higher temperature fluids were added during the formation of LSB, as Ba is not 
effectively mobilized from slab sediments until amphibolite-grade temperatures are approached 
(Bebout et al 1999). By the end of LSB genesis it is likely that the FME-rich mixing component 
has mobilized most of its B, Cs and As while still retaining some Ba. 
HSB also appear to be a product of a two-component mixing regime. Unlike the LSB, 
though, the FME-depleted end member now has a higher Ba/La ratio (11-18). This elevated 
Ba/La ratio points to a reduced influence of the depleted mantle signature on boninite melting. 
Instead, this endmember’s signature more closely resembles dehydrated sediment/altered oceanic 
crust consistent with the siliceous ooze/chert component of bulk Mariana sediment collected at 
ODP sites 800 and 801 (Plank and Langmuir 1998). The FME-enriched endmember of the high-
Si boninites has lower Ba/La ratio than that of the low Si boninites – it appears to be 
indistinguishable from that of the low FME endmember. This points to a source that can provide 
strong B, Cs and As enrichment with little addition of Ba.  The Ba/La signature of these inputs 
may be dominated by a sediment melt component, derived from a deeper slab, which would 
fractionate Ba and La far less than fluid phases might (e.g. Johnson and Plank 1999; Kessel et al 
2011). 
Overall, the HSB trend to higher FME concentrations than the LSB. Given that HSB are 
more recent, and melt from a more depleted mantle where the slab is deeper and may be capable 
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of higher temperature inputs, lower degrees of melting and the mobilization of a more siliceous 
fluid may account for the increased FME contents and lower Ba/La of HSB.  
 
Thallium systematics in Exp. 352 boninites: another FME? 
Thallium has been proposed as an effective tracer for the addition of small amounts of 
sediments or other subducted materials altered at low temperatures to the source(s) of mantle-
derived melts. Thallium may have the ability of to track such material inputs due to the large Tl 
concentration contrast between the mantle (Tl < 2 ppb) and possible surface-derived sedimentary 
inputs (Tl ~ 100 ppb to > ppm), due to thallium behaving as a chalcophile element in the mantle 
and a lithophile element in the crust (Prytulak et al. 2016). Thallium has also proved to be 
important to groundwater studies as it is water soluble, which, with its readiness to form sulphide 
compounds as well as halide salts, makes it susceptible to dissolution and transport. 
Thallium concentrations in the Exp. 352 boninitic glasses vary from 4 to 155 ppb. Given 
that B and Tl fall within the same group of the periodic table and thus should have similar 
valence and bonding properties, in Figure 7a, Tl is treated in the same way as B in plotting Tl/La 
ratios vs. Ba/La for the Exp. 352 boninite suite. The pattern in these data looks very similar to 
that for boron in Figure 6a, in that the LSB and HSB show differing trajectories. Tl and B appear 
to show similar systematics and endmembers, including the depleted mantle for the LSB suite 
(Salters and Stracke 2004), and a higher Ba/La component for the HSB suite. The FME enriched 
endmember for the LSB suite is also lower in Tl as compared to that of the HSB, suggesting that, 
as with B and As, Tl may be lost from the early, foundering slab. As proposed earlier, cherty 
marine sediments may be a likely candidate for the sedimentary inputs during HSB formation.  
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 Prytulak et al (2016) note that subduction related rocks generally display variable Cs/Tl 
ratios (with Cs/Tl ratios as high as 9 based on mantle composition of Palme and O’Neill, 2014), 
indicating that the subduction processes may fractionate these two elements. In Figure 7b we 
examine Cs/Tl ratios vs Ba/La. Interestingly, the Cs/Tl ratios of our boninite glasses are not 
highly variable, ranging from 3-6, and the high and low Si boninite subgroups overlap 
extensively.  This may indicate that in the early stages of subduction, unlike in modern arcs, Cs 
and Tl behave more similarly both in terms of their mineral/melt and solid/fluid partitioning 
characteristics in that they are both behaving as fluid-mobile elements and are mobilized early on 
during subduction.  
 
Boninites from Serpentinites? 
Hawkins and Allan (1994) and Parkinson and Pearce (1998) proposed that boninite 
genesis could be due to partial melting of serpentinized harzburgite. Figure 8 plots normalized 
elemental abundance data for Mariana forearc serpentinities recovered during ODP Leg 125 
(Benton et al 2001; Savov et al 2005) together with our new data for Expedition 352 boninites, to 
examine possible similarities in their FME enrichments. 
Ryan and Chauvel (2014) suggested that the menu of elements enriched in forearc 
serpentinites may change as a function of depth, based on the compiled serpentinite results of 
Savov et al (2005; 2007), Hattori and Guillot (2007), and Deschamps et al (2011). At the two 
Mariana forearc serpentinite sites that have been drilled (ODP Legs 125 and 195, reflecting ≈26-
30 km depths-to-slab), the recovered serpentinite materials reflect comparatively high element 
selectivity, with strong enrichments in B, Cs, and As, slight enrichments in Li, Ba and Sr, and 
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little or no enrichment in other large-ion lithophile species (Savov et al. 2005).  Though the 
boninites and the Mariana serpentinies show some general similarity in FME enrichments in 
Figure 8, the patterns of other incompatible elements as well as other fluid-sensitive species (Pb, 
Sr) are inconsistent with a simple melting relationship. It is, however, possible that one of the 
components in the genesis of IBM boninites has FME signatures similar to that of Mariana 
forearc serpentinites. Taking into account the FME-depleted and FME-enriched mixing 
endmembers involved in boninite genesis in Figure 6, it is possible that the FME enriched end 
member could be a melt of subduction channel materials (e.g., slab sediments and crust) fluxed 
by a serpentinite fluid.  
 
Global Arc Comparisons – B and Cs Systematics of IBM Boninites 
Examining the available Cs results from Earthchem for IBM boninites using mixing 
diagrams similar to those presented in Ryan and Chauvel (2014) (Figure 3) indicates that 
boninites appear to reflect the mixing of at least two components, one of which is Cs-rich, and 
that the boninite trend is distinct from that of either Izu-Bonin or Mariana arc volcanic rocks 
today.  
 FME systematics in arc systems can be used to resolve mixing relationships between the 
endmember subduction components and the mantle. Along arc variations in elements such as B 
and Cs point to greater or lesser inputs of slab derived fluids, likely as a result of serpentinite-
derived fluid inputs to the mantle wedge as opposed to inputs from subducted sediments or 
altered basalts (Ryan and Chauvel 2014). In Figure 9, our boninite glass data is plotted with bulk 
whole rock geochemical data of mafic samples from other volcanic arcs. B/La and Cs/Th ratios 
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in arc lavas serve as proxies for relative fluid-derived FME enrichments (e.g., Ryan and Chauvel, 
2014), while Ba/La ratios proxy for products generated from sedimentary inputs from the 
downgoing slab.  
 The arcs suites plotted in Figures 13a and 13b are all subduction systems involving the 
Pacific plate with low input of continental sediments, with a high B-Cs endmember that is 
consistent with the “slab fluid” component of Dreyer et al (2010) for the Kuriles, the 
“serpentinite” component of Tonarini et al (2007; 2010) in El Salvador, and the kinds of 
signatures that Savov et al (2005; 2007) and Hattori and Guillot (2007) have inferred as being 
serpentinite-derived as an analogue for the IBM. This high FME endmember also shows variably 
elevated Ba/La ratios consistent with a slab sediment origin (e.g. Plank and Langmuir 1998), 
perhaps pointing to the dehydration of slab sediments as a means of FME enrichment.  
  The low FME endmember of these different arc arrays other than that of the IBM 
consistently shows Ba/La ratios that are elevated relative to those of the depleted mantle, 
consistent with inputs from a Ba enriched, FME depleted source material such as dehydrated, 
deeply subducted sediments (Ryan and Chauvel 2014). The specific Ba/La of this endmember 
varies from arc to arc. The Izu-Bonin arc appears to have a lower Ba/La signature than most 
other arcs, and unlike, for example, the Central American arc trend, Ba/La does not appear to 
vary significantly in IBM lavas (Figures 13a and 13b).  
The data from Expedition 352 boninite glasses examined in this study are consistent with 
the results for IBM boninites globally. While the boninite data appear to fall along a broad 
mixing array, and a B and Cs enriched component is evident, the position of the FME-depleted 
endmember appears to be at lower Ba/La than the other arcs, falling closer to a depleted upper 
mantle component (e.g., Salters and Stracke, 2004). This makes some sense given that boninites 
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are defined as fluid-mediated melts of depleted mantle (Crawford 1989) and, from the arrays in 
Figures 13a and 13b, that the Expedition 352 boninite glasses are consistent with the broad 
model of adding a slab-derived fluid phase to a comparatively depleted mantle source.  
Li Systematics in Boninite Glasses 
Li is an interesting tracer in subduction systems because its ionic radius is similar to that 
of Mg, which means it can substitute into mantle mineral phases such as olivine and enstatite; 
and it is also an alkali metal that is highly reactive and soluble in H2O-rich fluids (Ryan and 
Langmuir 1987; Tomascak et al. 2015). Figure 10 plots Li abundances in the boninitic glass data 
versus SiO2 and Li vs MgO, respectively. Li increases with increasing SiO2 and decreases with 
increasing MgO, consistent with its systematics as a moderately incompatible trace element 
(Ryan and Langmuir, 1987).  
Figure 11a compares global MORBs, OIB lavas, and mafic arc lavas to Expedition 352 
boninitic glasses on a plot of Li/Yb vs. Dy/Yb. This diagram operates based on the fact that 
Li/Yb ratios are largely constant in MORBs (Ryan and Langmuir, 1987), and thus indicates 
variations in the Li/Yb ratios of different volcanic rock types as a function of their heavy REE 
fractionation. All MORBs plot as a single tight field with near-constant Li/Yb and Dy/Yb (Li/Yb 
~1.7 in MORBs [Ryan and Langmuir (1987)]). OIB lavas, where residual garnet impacts 
melting, fall along a sloped array reflecting garnet-induced Li/Yb and Dy/Yb fractionation (DDy 
garnet >2 in alkali basalts [Shimizu 1980]). Arc basalts reflect the moderate Li enrichment of 
garnet-poor upper mantle sources, and thus form a vertical array, with the most Li-enriched lavas 
(at Li/Yb ≈ 5-6) coming from the most alkali-rich arc settings (e.g., Ryan and Langmuir, 1987).  
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Boninites fall along a vertical trend in Figure 11a, extending to far higher Li/Yb ratios 
than any arc lava, at Dy/Yb ratios that are distinctly lower than either arc lavas or MORBs. This 
trend reflects the melting of a Li enriched, middle REE depleted, shallow mantle source. The 
degree of Li enrichment as expressed in Li/Yb is greater than is observed in mafic or 
intermediate arc suites, even in lavas that have fractionated extensive amphibole, which can 
selectively sequester Yb and raise Li/Yb. While the low-Si and high-Si boninite subgroups 
overlap extensively on this diagram, the high-Si boninites do extend higher to Li/Yb. These 
extreme Li/Yb ratios both reflect depletions in Yb and other REEs in boninite sources, but also 
substantial relative enrichments of Li, which is higher in our boninite glasses than in most 
MORBs, OIBs, or basaltic arc lavas. 
 Fig. 13b plots K/Li vs. La/Yb as a means of trying to distinguish among mantle sources 
of different basalt types. Implicit in the construction of this diagram is the assumption that DK ≈ 
DLa, and DLi ≈ DYb during mantle melting processes globally (Ryan and Langmuir, 1987), which 
means that these ratios are largely analogous in their systematics during melting.  K/Li is a proxy 
for the subduction inputs, while La/Yb tracks trace element fractionation during melting and 
crystallization (Ryan and Langmuir 1987). On this diagram, though MORBs are generally 
depleted in both K and LREE, while OIBs are generally more enriched in K and LREE, these 
two rock suites fall along a single, origin-intersecting array on this diagram, reflecting the fact 
that they are derived from a mantle source that is unmodified with respect to K or Li. Arcs, by 
contrast, have elevated K2O and Li contents thanks to slab inputs, but are not comparably 
enriched in the rare earth elements. This results in arc lavas falling along a distinct set of origin-
intersecting arrays at higher K/Li ratios than either MORBs or OIBs. Crystallization of phases 
which can fractionate these elements – for example amphibole, which can take in K and Yb 
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relative to La and Li, will yield recognizable inverse trends on this diagram (e.g. Ryan and 
Langmuir 1987; Ryan and Kyle 2004). The Expedition 352 boninite samples form a unique 
linear array in Figure 11b, showing a positive, low-slope trend that does not extend to the origin. 
This array conflicts with the implicit assumptions of this diagram that K/Li and La/Yb are 
analogous ratios during mantle melting, showing that this is not the case during the melting of 
the boninite mantle source. The boninite array shows that the relative increase in La (and by 
inference, La/Yb), is greater than the relative increase in K (and by inference, K/Li) as the 
boninite mantle source evolves from low silica to high silica compositions. 
Given that the slopes and intercepts of data arrays in Figure 11b are sensitive to the 
composition and mineralogy of the mantle source, part of the reason for the boninite trend is 
likely the fact that boninitic source mantle is poor in clinopyroxene (i.e., a harzburgite source: 
Crawford, 1989). The rare earth elements partition more readily into clinopyroxene, and thus its 
presence in melt residues buffers ratios such as La/Yb to some degree. In the case of the boninite 
source, neither olivine nor orthopyroxene are significant hosts for the rare earths. As the LSB 
source mantle likely did contain some clinopyroxene, this clinopyroxene should leverage La/Yb 
during melting, and may explain the horizontal separation between LSB and HSB.   
However, it is also important to note that the relative systematics of Li and K are 
different in boninites as well. In arc lavas K tends to show proportionally greater enrichments 
than Li, consistent with its overall lower Dsolid/liquid values. In the boninite mantle source, 
DKsolid/liquid should still be less than DLisolid/liquid, as Li partitions into both olivine and 
orthopyroxene (Seitz and Woodland 2000). Thus, the relatively limited variation in K/Li in our 
Expedition 352 boninites appears to relate to the fact that K and Li are partitioning in a more 
similar fashion during the solid/fluid fractionation processes associated with boninite genesis, in 
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that they are both strongly mobilized in the early, slab-derived fluid phases that help trigger 
boninite melting.   
In Fig. 14, Li/Yb ratios in the boninite glasses are compared to Ba/La. As the curvature of 
mixing arrays on this diagram are a function of the ratios of the denominators (see Langmuir et 
al. 1978), mixing trends on this diagram are nearly linear given the similar abundances of La and 
Yb in mantle sources. While Li has higher D values than the other fluid-mobile species, it is still 
an alkali metal that is highly reactive and soluble in H2O-rich fluids (Ryan and Langmuir 1987; 
Tomascak et al 2015), As such Li/Yb on this diagram functions much like B/La, Cs/Th and 
As/Sm.  
The Expedition 352 boninite data in Figure 12 forms arrays similar to those in Figure 9, 
which are consistent with mixing involving a strongly Li enriched and moderately Ba enriched 
upper end member. The similarity in the trends for Li/Yb in Figure 12 to those of fluid-mobile 
species in Figure 9, points to similar slab origins for Li, despite its very different mineral-melt 
partitioning characteristics. Like the other fluid-mobile species examined (B, Cs, As, Tl, K), Li 
appears to be released from the slab in an early hydrous fluid phase that fluxes the boninite 
mantle source and helps trigger melting.  
 
Proposed IBM Subduction-Enrichment and Evolution Model 
 Based on the work of Reagan et al. (2017), a proposed model of subduction enrichment 
and evolution of the IBC arc has been constructed (Figure 13). Given the density discrepancy 
between the Philippine Plate and the much heavier Pacific Plate, foundering of the Pacific plate 
and rapid arc rollback led to an extensional regime (Stern and Bloomer 1992), in which 
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asthenospheric upwelling produced what are now recognized as forearc basalts (Reagan et al. 
2010) (Figure 13b). The Expedition 352 forearc basalts suggest a substantial and voluminous 
melting regime that generated a crustal magma chamber and comparatively homogeneous 
basaltic compositions (Reagan et al 2010; Reagan et al 2015a, b). This melting would leave 
behind a clinopyroxene-poor mantle residue resembling harzburgite.  
As the slab begins to subduct, its sedimentary skin will start to dehydrate, which will 
initially release cold inputs of fluids rich in B, Cs, As, (Tl) and Li (Figure 13c) during the earliest 
stages at pressures of ~0.2-0.5 GPa. These fluids would interact with and hydrate this residual 
mantle, serpentinizing it at lower temperatures, and generating chlorite-rich peridotites under 
higher temperature conditions (Grove et al 2012). The fluid-mobile species would be 
incorporated into this hydrated peridotite: species such as B, As, and Cs would be sequestered in 
inter-layer sites, while Li could substitute for Mg in both the hydrated phases, as well as in 
remaining olivine and orthopyroxene. This serpentinized harzburgitic residue could then be re-
melted in the presence of hot, upwelling mantle to form LSB (Figure 13c), which reflect a 
serpentinite-like fluid input.  
 The HSB reflect inputs from a deeper slab, in that the presence of a second, fluid-mobile 
element poor slab addition becomes evident, possibly sediments compositionally similar to 
cherty Mariana sediments. Higher temperature inputs from these subducting sediments explain 
the shift in Ba/La ratios and greater enrichments of FMEs and other large-ion lithophile species 
seen in the HSB. The source compositions for these lavas are exclusively harzburgitic, as their 
low Ca and Ti contents point to the lack of clinopyroxene in their source, which means that the 
influence of upwelling mantle has been cut off (Figure 13d). These lavas must therefore have 
been produced via strict fluid-flux melting, with the higher fluid inputs, from a deeper slab, 
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necessary to maintain the melting controlling their FME abundances with mixing between 
previous boninite melt residues in addition to sediment and serpentinite-like melts.  
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CONCLUSIONS 
1. The IODP Expedition 352 boninitic glasses examined during this study have SiO2 and 
TiO2 values consistent with the IUGS classification of boninites of Le Bas (2000), but 
their MgO values are lower, as Mg is sequestered into crystallizing olivine and 
orthopyroxene phases that are abundant in and around the glassy domains (Figures 2a and 
b). Our samples show the typical flat to U-shaped REE patterns consistent with boninites, 
as observed by Ishizuka et al. (2006) and Li et al (2013) in Izu-Bonin boninites. 
 
2. Overall, high-Si boninites (HSB) trend to higher FME concentrations than low-Si 
boninites (LSB). Given that HSB are older and form from the deeper slab and higher 
temperature inputs, magma differentiation and mobilization of more siliceous fluid may 
account for the increase silica content of HSB. 
3. Fluid-mobile element systematics of LSB follow mixing arrays between an endmember 
resembling a depleted mantle source (consistent with Salters and Stracke, 2004), and a 
FME-enriched end member with elevated B, Cs, As ,Li, Tl and Ba. This FME-enriched 
endmember mobilizes B, As, Cs, (Tl) and Li very early in the subduction process, and, 
coupled with inputs from upwelling mantle triggers fluid-fluxed boninite melting. Ba, 
while mobilized, is less efficiently extracted and appears to persist in subducting 
sediments beyond this early stage. These rocks are consistent with the hydrous melting of 
a mixed peridotite-serpentinite/ harzburgitic source without other subducted inputs 
(Crawford 1989). 
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4. The HSB reflect different mixing endmembers than the LSB. While one endmember 
continues to be FME-rich, the second endmember shows a higher Ba/La ratio, suggesting 
the melting of sediments to add Ba, possibly sediments rich in chert deposits. The HSB 
reflect inputs of two distinguishable slab-derived components and follow a model for 
melting that is more similar to the regime of modern arcs, and may thus reflect the 
transition from early extension-related melting into that of a “normal” subduction system. 
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Table 1a Major element chemistry (in oxide wt %) of glass standards used at the Florida Center 
for Analytical Electron Microscopy  
 
Oxide BHVO-1G Smithsonian Rhyolite Glass Napa Valley 
Obsidian
SiO2 49.9 76.71 75.79
TiO2 2.73 0.12 0.1
Al2O3 13.5 12.06 12.4
Fe2O3tot 12.3 1.4 1.3
MnO Below detection 0.03 0.02
MgO 7.23 0 0.03
CaO 11.4 0.5 0.45
Na2O 2.22 3.75 4.73
K2O 0.52 4.89 4.53
P2O5 0.27 0 0.007   
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Table 1b Analytical error of EPMA quality control standard USGS glass standard BHVO-1G 
Oxide Certified Values 
Average 
Measure
d Values
Average 
error % Standard Deviation Variation Coefficient
SiO2 49.9 50.9 1.96% 2.31 11803.18
MgO 7.23 6.95 -4.03% 0.39 -977.24
CaO 11.4 11.6 1.72% 0.62 3583.88
Fe2O3tot 12.3 12.7 3.15% 0.51 1607.01  
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Table 2a Major element data in oxide wt% for boninitic glass samples. HSB - high-Si boninite, 
LSB - low-Si boninite. SiO2, MgO, CaO and FeO obtained via EPMA. TiO2, MnO, Al2O3, 
Na2O, K2O and P2O5 obtained via LA-ICP-MS. Highlighted samples indicate samples sent by 
Mark Reagan at the University of Iowa. 
Sample Type SiO2 MgO CaO FeO TiO2 MnO Al2O3 Na2O K2O P2O5
U1439C-2R-3 38/41 HSB 57.22 15.62 3.68 7.26
U1439C-5R-2 17/20 HSB 60.57 4.69 8.41 6.57 0.20 0.11 14.49 2.39 0.58 0.03
U1439C-5R-1 92/95 HSB
U1439C-7R-2 111/114 HSB 66.89 0.86 4.94 4.30
U1439C-8R-1 112/114 HSB 60.11 6.62 8.27 6.72 0.23 0.11 13.26 2.23 0.48 0.04
U1439C-15R-1 130/133 LSB
U1439C-19R-4 84/87 LSB 57.26 7.33 9.73 6.49 0.34 0.12 14.38 2.23 0.31 0.04
U1439C-20R-1 99/101 LSB 56.56 7.75 10.10 6.71 0.36 0.12 14.11 2.13 0.27 0.04
U1439C-29R-4 113/117 LSB 57.02 7.22 9.96 6.35 0.27 0.12 14.36 2.05 0.34 0.04
1439C 29R4W LSB 51.28 13.25 2.81 7.24 0.08 0.05 4.71 0.63 0.13 0.01
1442A 10R3W HSB 57.66 1.32 5.26 6.24
U1442A-11R-1 31/33 HSB 75.24 0.23 2.10 3.16 0.40 0.05 12.05 1.60 1.29 0.09
U1442A-12R-1 12/14 HSB 59.43 5.08 8.06 6.13 0.23 0.11 14.32 2.31 0.55 0.03
1442A 13R1W HSB 60.98 1.54 5.70 4.85 0.17 0.10 9.66 1.78 0.51 0.02
U1442A-15R-1 47/49 HSB
1442A 17R1W HSB
U1442A-17R-1 61/65 HSB 59.11 5.37 8.06 5.90 0.28 0.11 14.65 2.65 0.49 0.04
U1442A-21R-2 1/4 HSB 64.58 1.26 5.82 5.14 0.23 0.08 17.49 2.53 0.61 0.05
U1442A-22R-1 119/121 HSB
U1442A-26R-1 54/58 HSB 60.70 3.71 7.90 6.49 0.32 0.11 15.41 2.69 0.48 0.05
1442A 26R1W LSB 47.83 7.79 13.05 18.13 0.48 0.18 25.35 3.75 0.81 0.06
U1442A-30R-4 45/47 LSB 54.88 6.14 10.34 6.81 0.34 0.12 16.39 2.10 0.30 0.05
U1442A-32R-1 39/44 LSB 55.68 5.30 9.74 8.20 0.51 0.13 15.52 2.19 0.27 0.06
1442A 34R1W LSB 51.97 5.19 10.08 8.29 0.34 0.14 17.93 2.53 0.52 0.05
U1442A-43R-1 127/129 LSB 54.97 6.28 9.02 10.41
1442A 47R1W LSB 57.28 2.22 1.84 7.11 0.06 0.02 2.87 0.35 0.06 0.01
U1442A-52R-1 39/43 LSB 57.87 5.23 9.25 6.00 0.29 0.11 16.47 2.65 0.45 0.04
U1442A-53R-1 1/21 LSB 54.27 4.49 8.06 5.97 0.24 0.13 17.51 1.95 0.39 0.04
U1442A-55R-2 66/70 LSB 56.25 5.68 9.83 6.60 0.30 0.11 16.40 2.28 0.38 0.04
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Table 2b Fluid-mobile and light element data (in ppm) for boninitic glass samples. HSB - high-
Si boninite, LSB - low-Si boninite. Data obtained via LA-ICP-MS. Highlighted cells indicate 
samples sent by Mark Reagan at the University of Iowa. 
Sample Type B Li Be Cs As Rb Sr Ba
U1439C-2R-3 38/41 HSB 6.70 7.91 0.54 0.71 2.71 18.98 129.73 32.02
U1439C-5R-2 17/20 HSB 9.44 0.68 17.75 129.96 31.69
U1439C-5R-1 92/95 HSB 8.25 7.15 0.34 0.59 2.13 16.80 127.08 30.70
U1439C-7R-2 111/114 HSB 9.48 10.58 0.29 0.80 3.26 21.59 159.56 40.58
U1439C-8R-1 112/114 HSB 7.59 0.48 11.68 121.39 25.59
U1439C-15R-1 130/133 LSB 5.46 11.83 0.50 0.16 0.85 9.11 157.10 25.95
U1439C-19R-4 84/87 LSB 5.18 0.07 3.70 109.07 14.51
U1439C-20R-1 99/101 LSB 6.10 0.07 3.75 142.30 16.08
U1439C-29R-4 113/117 LSB 7.30 0.15 5.54 111.47 18.12
1439C 29R4W LSB 2.01 2.28 0.16 0.04 0.41 1.79 34.70 5.60
1442A 10R3W HSB 4.18 10.60 0.74 0.60 1.74 17.43 134.54 31.54
U1442A-11R-1 31/33 HSB 18.35 0.91 27.13 186.50 61.29
U1442A-12R-1 12/14 HSB 9.04 0.50 14.08 133.77 29.96
1442A 13R1W HSB 5.68 6.97 0.42 0.37 1.61 11.12 94.15 20.94
U1442A-15R-1 47/49 HSB 12.91 10.28 0.12 0.50 1.89 16.79 90.43 20.65
1442A 17R1W HSB 2.85 10.39 0.40 0.38 1.41 11.98 160.56 25.06
U1442A-17R-1 61/65 HSB 8.02 0.36 10.29 180.54 26.88
U1442A-21R-2 1/4 HSB 8.15 0.43 11.94 180.30 28.14
U1442A-22R-1 119/121 HSB 9.79 6.95 0.54 0.45 1.44 12.30 73.37 18.36
U1442A-26R-1 54/58 HSB 8.68 0.33 9.77 189.15 26.05
1442A 26R1W LSB 8.62 12.25 0.64 0.43 1.51 13.43 242.49 32.18
U1442A-30R-4 45/47 LSB 5.53 0.07 3.29 166.62 15.43
U1442A-32R-1 39/44 LSB 5.13 0.08 3.63 138.49 15.77
1442A 34R1W LSB 7.09 8.10 0.37 0.15 1.12 6.03 171.65 21.99
U1442A-43R-1 127/129 LSB 3.30 7.29 0.42 0.10 0.54 5.35 184.10 20.38
1442A 47R1W LSB 0.08 1.00 0.07 0.01 0.15 0.53 26.39 2.24
U1442A-52R-1 39/43 LSB 6.85 0.16 5.69 202.89 22.83
U1442A-53R-1 1/21 LSB 5.49 7.06 0.54 0.13 0.59 4.23 143.76 15.92
U1442A-55R-2 66/70 LSB 5.57 0.13 4.88 167.29 17.93  
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Table 2c REE data for boninitic glass samples. HSB - high-Si boninite, LSB - low-Si boninite. 
Data obtained via LA-ICP-MS. Highlighted cells indicate samples sent by Mark Reagan at the 
University of Iowa. 
Sample Type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
U1439C-2R-3 38/41 HSB 1.06 2.48 0.39 1.67 0.58 0.21 0.75 0.13 0.90 0.20 0.60 0.70 0.13
U1439C-5R-2 17/20 HSB 1.11 2.78 0.40 1.90 0.57 0.20 0.69 0.12 0.85 0.19 0.59 0.68 0.11
U1439C-5R-1 92/95 HSB 1.23 3.09 0.48 2.09 0.69 0.25 0.90 0.16 1.07 0.23 0.70 0.82 0.13
U1439C-7R-2 111/114 HSB 0.73 1.77 0.36 1.63 0.82 0.30 2.10 0.19 1.15 0.23 0.73 0.86 0.13
U1439C-8R-1 112/114 HSB 1.25 2.90 0.47 2.35 0.74 0.26 0.99 0.16 1.11 0.24 0.76 0.81 0.13
U1439C-15R-1 130/133 LSB 0.69 2.09 0.42 1.87 0.84 0.33 1.33 0.21 1.35 0.29 0.84 0.88 0.14
U1439C-19R-4 84/87 LSB 0.78 2.48 0.41 2.06 0.72 0.27 0.93 0.16 1.05 0.23 0.68 0.69 0.10
U1439C-20R-1 99/101 LSB 1.16 3.36 0.59 3.14 1.01 0.41 1.48 0.26 1.78 0.38 1.16 1.12 0.18
U1439C-29R-4 113/117 LSB 0.82 2.15 0.37 2.00 0.70 0.26 1.05 0.19 1.29 0.28 0.89 0.91 0.15
1439C 29R4W LSB 0.24 0.65 0.11 0.54 0.22 0.08 0.31 0.06 0.37 0.08 0.22 0.31 0.05
1442A 10R3W HSB 1.53 3.61 0.56 2.45 0.84 0.29 1.11 0.19 1.29 0.28 0.84 0.93 0.16
U1442A-11R-1 31/33 HSB 3.67 9.07 1.30 6.20 1.79 0.54 2.13 0.36 2.36 0.50 1.53 1.58 0.26
U1442A-12R-1 12/14 HSB 1.41 3.30 0.49 2.43 0.74 0.26 0.96 0.16 1.04 0.23 0.74 0.78 0.13
1442A 13R1W HSB 1.05 2.57 0.39 1.65 0.62 0.21 0.77 0.14 0.81 0.18 0.51 0.65 0.11
U1442A-15R-1 47/49 HSB 0.74 1.87 0.29 1.25 0.43 0.16 0.56 0.10 0.70 0.16 0.50 0.63 0.11
1442A 17R1W HSB 1.43 3.62 0.56 2.46 0.85 0.31 1.11 0.19 1.18 0.25 0.71 0.75 0.13
U1442A-17R-1 61/65 HSB 1.68 4.06 0.64 3.19 1.01 0.35 1.31 0.21 1.40 0.30 0.92 0.92 0.15
U1442A-21R-2 1/4 HSB 1.47 3.71 0.55 2.59 0.79 0.30 0.97 0.16 1.05 0.23 0.68 0.73 0.12
U1442A-22R-1 119/121 HSB 0.53 1.26 0.22 0.95 0.37 0.14 0.54 0.09 0.63 0.14 0.44 0.55 0.10
U1442A-26R-1 54/58 HSB 1.76 4.65 0.70 3.42 1.05 0.38 1.24 0.20 1.35 0.29 0.85 0.91 0.15
1442A 26R1W LSB 2.82 7.43 1.18 5.11 1.89 0.57 2.42 0.39 2.38 0.52 1.33 1.74 0.18
U1442A-30R-4 45/47 LSB 1.28 3.31 0.56 3.09 1.02 0.39 1.39 0.25 1.67 0.38 1.15 1.15 0.18
U1442A-32R-1 39/44 LSB 1.43 3.99 0.69 3.71 1.35 0.49 1.84 0.32 2.21 0.50 1.55 1.55 0.24
1442A 34R1W LSB 1.47 3.75 0.67 2.83 1.08 0.40 1.62 0.29 1.73 0.39 1.14 1.35 0.19
U1442A-43R-1 127/129 LSB 1.02 2.62 0.50 2.21 0.96 0.36 1.60 0.23 1.51 0.32 0.96 0.99 0.16
1442A 47R1W LSB 0.23 0.64 0.11 0.47 0.19 0.07 0.23 0.04 0.30 0.07 0.18 0.21 0.03
U1442A-52R-1 39/43 LSB 1.58 3.70 0.59 2.91 0.96 0.35 1.19 0.21 1.40 0.30 0.90 0.91 0.14
U1442A-53R-1 1/21 LSB 1.17 3.12 0.57 2.50 1.11 0.38 2.01 0.18 0.98 0.27 0.64 1.10 0.16
U1442A-55R-2 66/70 LSB 1.32 3.03 0.51 2.67 0.90 0.33 1.27 0.22 1.53 0.34 1.04 1.01 0.17  
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Table 2d Trace element data for boninitic glass samples. HSB - high-Si boninite, LSB - low-Si 
boninite. Data obtained via LA-ICP-MS. Highlighted cells indicate samples sent by Mark 
Reagan at the University of Iowa. 
Sample Type Y Zr Nb Ta Th U Pb Tl Sc V Cr Co Ni
U1439C-2R-3 38/41 HSB 5.28 33.57 0.77 0.05 0.14 0.12 0.12 22.79 143.03 143.60 33.58 59.12
U1439C-5R-2 17/20 HSB 5.36 33.66 0.13 0.12 1.58 173.43 272.03
U1439C-5R-1 92/95 HSB 12.42 58.25 0.70 0.06 0.16 0.15 0.16 29.50 164.12 110.45 34.46 45.70
U1439C-7R-2 111/114 HSB 3.64 23.71 0.87 0.05 0.12 0.12 0.13 49.32 109.58 92.75 34.02 40.51
U1439C-8R-1 112/114 HSB 6.90 35.01 0.15 0.11 1.19 156.19 243.72
U1439C-15R-1 130/133 LSB 8.95 39.97 0.10 0.03 0.05 0.05 0.03 28.84 119.71 173.32 33.11 24.23
U1439C-19R-4 84/87 LSB 6.48 24.95 0.05 0.04 0.72 150.33 241.17
U1439C-20R-1 99/101 LSB 10.39 37.58 0.07 0.05 0.87 186.14 354.95
U1439C-29R-4 113/117 LSB 8.07 31.40 0.07 0.05 0.80 172.23 271.15
1439C 29R4W LSB 2.25 9.87 0.15 0.01 0.02 0.02 0.26 0.01 10.61 49.62 97.74 27.81 38.41
1442A 10R3W HSB 7.12 44.97 0.87 0.06 0.19 0.15 0.11 30.47 160.84 242.36 37.18 87.77
U1442A-11R-1 31/33 HSB 14.57 96.67 0.53 0.34 3.48 80.86 14.36
U1442A-12R-1 12/14 HSB 6.93 39.59 0.16 0.13 1.48 160.42 64.25
1442A 13R1W HSB 5.24 30.69 0.54 0.04 0.14 0.11 1.16 0.08 25.15 119.09 342.39 33.24 89.72
U1442A-15R-1 47/49 HSB 4.52 25.09 0.58 0.04 0.09 0.09 0.09 32.99 167.15 148.61 35.38 51.72
1442A 17R1W HSB 6.27 37.93 0.68 0.05 0.16 0.12 0.07 22.00 130.88 164.40 30.12 42.97
U1442A-17R-1 61/65 HSB 8.54 45.19 0.19 0.12 1.41 163.12 253.71
U1442A-21R-2 1/4 HSB 6.63 39.31 0.17 0.12 1.33 148.88 232.16
U1442A-22R-1 119/121 HSB 4.01 21.42 0.48 0.04 0.07 0.07 0.10 28.64 124.32 152.49 34.14 47.29
U1442A-26R-1 54/58 HSB 8.39 45.57 0.18 0.13 1.41 188.10 6.05
1442A 26R1W LSB 12.90 66.16 1.24 0.08 0.29 0.22 1.92 0.08 56.26 274.05 220.92 43.47 56.52
U1442A-30R-4 45/47 LSB 10.49 35.20 0.09 0.05 0.76 176.86 19.11
U1442A-32R-1 39/44 LSB 13.92 40.58 0.10 0.06 0.71 228.94 23.63
1442A 34R1W LSB 9.78 41.79 0.75 0.06 0.13 0.07 1.13 0.04 34.89 175.67 195.44 36.70 42.93
U1442A-43R-1 127/129 LSB 8.91 34.69 0.62 0.03 0.11 0.07 0.02 28.09 122.82 86.37 34.04 28.11
1442A 47R1W LSB 1.90 6.38 0.12 0.01 0.01 0.01 0.14 0.00 6.47 30.65 28.31 25.84 9.10
U1442A-52R-1 39/43 LSB 8.53 39.14 0.17 0.09 1.12 151.10 127.64
U1442A-53R-1 1/21 LSB 7.27 30.06 0.55 0.06 0.18 0.13 0.97 0.04 30.10 159.96 128.38 35.61 44.97
U1442A-55R-2 66/70 LSB 9.59 36.73 0.12 0.06 0.88 159.26 21.91
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Table 2e Analytic error in LA-ICP-MS quality control standard USGS glass BCR-1G 
Analyte Certified Average Error % Standard Deviation Variation Coefficient
TiO2 2.27 2.25 -0.80 0.02 0.83
MnO 0.19 0.20 3.53 0.00 1.82
Al2O3 13.4 13.60 1.48 0.24 1.75
Na2O 3.23 3.10 -4.30 0.06 1.80
K2O 1.74 1.71 -1.70 0.03 1.70
P2O5 0.37 0.34 -9.56 0.01 2.22
B 4.4 4.02 -9.40 0.08 2.03
Li 9 9.67 6.96 0.39 4.03
Be 2.3 2.66 13.55 0.29 10.99
Cs 1.16 1.19 2.82 0.04 2.93
As 1.35 1.32 -2.60 0.20 14.88
Rb 47 52.39 10.29 1.14 2.18
Sr 342 337.14 -1.44 9.68 2.87
Ba 683 666.90 -2.41 15.36 2.30
Sc 33 33.15 0.45 0.39 1.16
V 425 378.09 -12.41 6.55 1.73
Cr 17 16.53 -2.85 0.67 4.04
Ni 13 10.24 -26.95 0.43 4.22
Co 38 38.83 2.13 1.41 3.62
Y 35 37.31 6.20 1.46 3.91
Zr 184 202.20 9.00 8.42 4.16
Pb 11 10.87 -1.15 0.41 3.79
Tl 0.267 0.21 -26.54 0.01 6.42
Nb 12.5 14.07 11.17 0.29 2.06  
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Table 2e continued 
Analyte Certified Average Error % Standard Deviation Variation Coefficient
La 24.7 24.83 0.53 0.40 1.60
Ce 53.3 53.99 1.28 0.85 1.58
Pr 6.7 6.99 4.11 0.05 0.75
Nd 28.9 30.24 4.42 0.90 2.99
Sm 6.59 6.66 1.03 0.18 2.74
Eu 1.97 1.96 -0.72 0.09 4.75
Gd 6.71 7.20 6.83 0.37 5.15
Tb 1.02 1.10 7.15 0.10 9.11
Dy 6.44 6.78 4.95 0.52 7.70
Ho 1.27 1.34 5.26 0.04 3.12
Er 3.7 3.92 5.68 0.38 9.70
Yb 3.39 3.48 2.68 0.21 5.93
Lu 0.503 0.56 10.66 0.04 6.75
Ta 0.78 0.84 6.61 0.05 5.43
Th 5.9 6.33 87.69 0.13 2.06
U 1.69 1.78 4.81 0.05 2.55
Hf 4.84 5.00 3.24 0.15 2.92  
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Figure 1. Plots of (a) MgO 
vs SiO2 and (b) TiO2 vs 
MgO highlighting the 
boundaries of the IUGS 
classifications of boninites 
and picrites. Shaded regions 
indicate bulk compositions 
of average Izu-Bonin 
boninites, Izu-Bonin lavas 
and Mariana lavas (c) 
Masuda-Coryell REE 
diagram of Izu-Bonin 
boninites normalized to 
chondrites (Sun and 
McDonough; 1989). Red 
box indicates pattern of 
average Izu-Bonin Boninites. 
Sample suite whole rock 
data downloaded from 
Earthchem 
(http://ecp.iedadata.org/) on 
13 August, 2015. 
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Figure 2. Map of the IBM arc showing site of relevant ocean drilling expeditions. Dashed 
arrows indicate relative motion of the Pacific plate relative to the Philippine plate. Dashed line 
indicates location of the plate boundary. Dotted lines indicate locations of prominent geologic 
features: Palau Kyushu Ridge (PKP), Shikoku and Parece Vela Basins (SB and PVB, 
respectively), Western Mariana Ridge (WMR), and Izu and Mariana Arcs. In the insert, a close 
up image of the Izu Arc highlights the drill sites of IODP Expedition 352. 
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Figure 3. Plot of Cs/Th vs Ba/La highlighting the behavior of Izu-Bonin boninities, as 
represented by both whole rock data (open triangles) and data collected from IODP 352 glass 
samples (closed triangles), to whole rock data from Izu-Bonin and Mariana Lavas. Whole rock 
data was taken from Earthchem (http://ecp.iedadata.org/). Data was downloaded on 13 August, 
2015 using the polygon feature to constrain the region of the Izu-Bonin-Mariana arc. Dotted 
trend lines were calculated using Microsoft Excel and indicate proposed mixing trends. Mixing 
trends are based on Langmuir et al. (1978) where mixing is hyperbolic and linearity occurs if the 
denominators of the two axes behave similarly.   
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Figure 4. 
Lithostratigraphic 
units of hole 
U1439C (above) 
and hole U1442A 
including 
descriptions taken 
from Reagan et al. 
(2015a). Samples 
from which 
boninite glasses 
were taken are 
highlighted in blue. 
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Figure 5. Plots of (a) B, (b) Cs and 
(c) As vs SiO2 of the IODP 352 
glasses from this study 
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Figure 6. Plots of (a) B/La, (b) 
Cs/Th, and (c) As/Sm vs Ba/La of 
data collected from the IODP 352 
glasses from this study. Dotted 
trend lines were calculated using 
Microsoft Excel and indicate 
proposed mixing trends. Mixing 
trends are based on Langmuir et al. 
(1978) where mixing is hyperbolic 
and linearity occurs if the 
denominators of the two axes 
behave similarly.  Large square 
represents the depleted mantle 
signature of Salters and Stracke 
(2004). Rectangle represents the 
signature of crustal Mariana chert 
based on calculations of the chert 
component of the bulk sediment 
from ODP Leg 185 Sites 800 and 
801 by Plank and Langmuir (1998) 
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Figure 7. Plots of (a) 
Tl/La and (b) Cs/Tl vs 
Ba/La of data collected 
from the IODP 352 
glasses from this study. 
Dotted trend lines were 
calculated using 
Microsoft Excel and 
indicate proposed mixing 
trends. Mixing trends are 
based on Langmuir et al. 
(1978) where mixing is 
hyperbolic and linearity 
occurs if the 
denominators of the two 
axes behave similarly. 
Large square represents 
the depleted mantle 
signature of Salters and 
Stracke (2004). 
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Figure 8. Primitive mantle normalized (Sun and McDonough 2004) spidergram of IODP 
Expedition 352 boninite glass samples from this study as compared to Mariana forearc 
serpentinites from ODP Leg 125 Site 780. Data and element order from Savov et al. (2005) with 
B, As and Li added and proposed element compatibility decreasing to the right. Li compatibility 
was unexpected 
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Figure 9. Plots of (a) B/La an (b) Cs/Th 
vs Ba/La comparing the data obtained for 
the IOPD 352 glass samples from this 
study to whole rock data from other 
global arc suites. Global arc whole rock 
data from Ryan et al. (1995); Singer et al. 
(2007); Walker et al. (2003; 2009); 
Tonarini et al. (2007; 2010). Dotted trend 
lines were calculated using Microsoft 
Excel and indicate proposed mixing 
trends. Mixing trends are based on 
Langmuir et al. (1978) where mixing is 
hyperbolic and linearity occurs if the 
denominators of the two axes behave 
similarly. Large square indicates inferred 
deplete mantle based on Salters and 
Stracke (2004) 
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Figure 10. Plots of (a) Li vs SiO2 and (b) Li vs MgO of the data collected from the IODP 352 
glasses from this study. 
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Figure 11. (a) Plot of 
Li/Yb vs Dy/Yb. MORB 
field and OIB array are 
inferred from Ryan and 
Langmuir (1987). (b) Plot 
of K/Li vs La/Yb. Modern 
arc and MORB arrays 
inferred from Ryan and 
Langmuir (1987). Boninite 
glass data is from this 
study. Other sample suite 
whole rock data was taken 
from Earthchem 
(http://ecp.iedadata.org/). 
Data was downloaded on 
12 October, 2016 using 
the polygon feature to 
constrain the regions of 
the Mariana, Central 
American and Aleutian 
arcs. 
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Figure 12. Plot of Li/Yb vs Ba/La. Boninite glass data is from this study. Other sample suite 
whole rock data was taken from Earthchem (http://ecp.iedadata.org/). Data was downloaded on 
12 October, 2016 using the polygon feature to constrain the regions of the Central American and 
Aleutian arcs. Dashed lines indicate inferred mixing trends. Large square represents the depleted 
mantle signature of Salters and Stracke (2004). 
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Figure 13. Conceptual model of IBM arc evolution adapted from Reagan et al. (2017). PP – 
Philippine Plate, PAC – Pacific Plate, DM – depleted mantle, LSB – low-silica boninite, BB – 
basaltic boninite, HSB – high-silica boninite. Solid arrows indicate introduction of cold slab 
inputs such as early subduction derived fluid. Dashed arrows indicate introduction of hot fluid 
inputs from the deep slab such as serpentinite-like melts. Dotted arrows indicate movement of 
mantle material. Isosceles triangle under the developing IBM arc crust represent the melt column 
generated by continued decompression. Right-angled triangle represents material generated via 
fluid-flux melting. (a) Interface between the Philippine plate and Pacific Plate prior to 
subduction. Difference in thickness represent the greater age and density of the Pacific Plate. (b) 
Onset of arc rollback and sea floor spreading leading to the generation of FAB crust via direct 
sampling of depleted mantle. (c) LSB and BB genesis via introduction of fluids from the 
subducting Pacific plate and fluxing with the depleted mantle. (d) HSB generated via deeper 
subducted slab with hotter fluid inputs and mixing with already fluxed mantle material.  
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